The multi-objective genetic algorithm (MOGA) is applied to the multi-disciplinary conceptual design problem for a three-stage launch vehicle (LV) with a hybrid rocket engine (HRE). MOGA is an optimization tool used for multiobjective problems. The parallel coordinate plot (PCP), which is a data mining method, is employed in the post-process in MOGA for design knowledge discovery. A rocket that can deliver observing micro-satellites to the sun-synchronous orbit (SSO) is designed. It consists of an oxidizer tank containing liquid oxidizer, a combustion chamber containing solid fuel, a pressurizing tank and a nozzle. The objective functions considered in this study are to minimize the total mass of the rocket and to maximize the ratio of the payload mass to the total mass. To calculate the thrust and the engine size, the regression rate is estimated based on an empirical model for a paraffin (FT-0070) propellant. Several non-dominated solutions are obtained using MOGA, and design knowledge is discovered for the present hybrid rocket design problem using a PCP analysis. As a result, substantial knowledge on the design of an LV with an HRE is obtained for use in space transportation.
Nomenclature g: gravitational acceleration _ r r: regression rate G: mass flux a: coefficient of the regression rate n: index of the regression rate _ m m: mass flow : multiplication number of a r: radius L: length &: density O=F: mass flow ratio of oxidizer and fuel t: elapsed time P: pressure C Ã : characteristic velocity A: area of cross-section M: mass tc: combustion time Vol: volume ': allowable stress sf : safety factor Ti: tank's temperature before combustion Tf : tank's temperature after combustion R: gas constant : heat capacity ratio ": aperture ratio of the nozzle S-520: solid rocket, S-520 design: designed rocket wet: wetted area cro: cross-section coast: coasting
Introduction
The kind of rocket presently used for space transportation is either a solid rocket or liquid rocket. The hybrid rocket engine (HRE) is a different type of rocket that uses a liquid oxidizer and a solid fuel. This rocket has advantages of being high safe, low cost and environment-friendly. Therefore, there are expectations for the HRE as a safe and green means of propulsion for future space transport. The HRE was successfully put to practical use for SpaceShipOne, 1) which completed the first private manned space flight.
On the other hand, the most serious problem of the HRE as a form of space transportation is the low fuel regression rate. Due to the low regression rate, if the engine design is not appropiate, the thrust of the HRE will be insufficient compared with that of the solid rocket and liquid rocket engines. The thrust of the HRE is affected by the mass flow of the vaporized fuel. The mass flow of vaporized fuel is decided by the oxidizer mass flow, the fuel grain length and the inner radius of the fuel grain port. If these parameters are combined optimally, the thrust will be sufficient. Since these parameters also decide the engine geometry, the weight and trajectory are also affected. As a result, multi-disciplinary optimization (MDO) and knowledge discovery techniques are desirable in designing an HRE for a launch vehicle (LV).
A previous study 2) developed a MDO methodology that includes a technique for an empirical-model-based evaluation of the performance of an LV with an HRE, and optimized a ballistic rocket with an HRE using a genetic algorithm (GA). In this study, the developed evaluation method is applied to the design problem of a three-stage hybrid rocket ( Fig. 1(a) ), can deliver observing micro-satellites to a sun-synchronous orbit (SSO). Figure 1(b) shows the image of the engine designed in this study. Paraffin fuel (FT-0070) 3 ) is employed as a fuel, liquid oxygen (LOX) is employed as an oxidizer, and the combustion type is a swirling-oxidizer-type engine.
Design Method

Procedure for HRE performance evaluation
This study deals with the LV of a three-stage rocket with a chamber, an oxidizer tank, a pressurizing tank, a nozzle and a payload ( Fig. 1(a) ) that has an HRE. Figure 2 shows the evaluation procedure proposed in the previous study. 2) Generally, the regression rate in the radial direction of the fuel, _ r r port ðtÞ, is expressed as follows.
Equation (1) is empirically defined and the coefficient a and index n are generally decided from the experiments for fuels with a single port. 2, 3) The HRE considered here supplies the swirling oxidizer into the WAX (FT-0070) fuel. a and n in Eq. (1) are determined from the experiment for a nonswirling oxidizer with the WAX fuel In this study, a swirling-oxidizer-type HRE, which can achieve a higher regression rate, 4) is assumed. For this purpose, the empirical multiplication with the coefficient of Eq. (2) In this study, this coefficient, a m , is a part of the design variables that determine the strength of the oxidizer swirl. The range of used to decide the design range of a m is from four to ten. The estimation methods for the engine size and performance are presented in the following sections.
Grain configuration
The combustion chamber considered in this study contains solid fuel with a single port to supply the oxidizer. r port m ð0Þ and L fuel m are calculated for each stage as follows. 
Weight evaluation
In this study, LOX is employed as an oxidizer and WAX (FT-0070) is used as the fuel. The required oxidizer mass, M oxi m , and fuel mass, M fuel m , are calculated for each stage as follows:
Here, tc m is one of the design parameters. Helium gas is used as the pressurizing gas. The mass of the pressurizing gas required is obtained by solving the state equation as follows:
Assuming that P pt m is equal to P ot m when the supply of helium gas is stopped, the state equation can be expressed as follows:
Eliminating Vol ot from Eqs. (12) and (13), M He m can be calculated. The temperature of helium after combustion, i.e., T f , is calculated as
The initial helium temperature Ti is 273 K, and its is 1.66. In this study, P pt m ð0Þ is one of the design variables. The structure of the engine is assumed to be the same as that of the solid rocket M-V. 6) In this study, the combustion chamber and the pressurizing tank are assumed to be made of carbon-fiber-reinforced plastic (CFRP) to reduce the structural weight. The thicknesses of the shells used for the chamber and the tank are calculated by assuming that ' ch and s f values for these tanks are 2.4 GPa and 1.5, 2) respectively. M ch m and M pt m are calculated using
Here, the denominator on the right-hand side is the measure of the structural performance. In this study, the same values as those used in Ref. 6 ) have been used in Eqs. (15) and (16). The oxidizer tank is assumed to be made of CFRP with an aluminum liner, which can prevent microcracks at extremely low temperatures. This tank has a 0.05-m-thick heat-insulating material. The thickness of the shell used for the tank is calculated by assuming that ' ot and s f are set to 2.4 GPa and 1.5, 6) respectively. The LOX tank used in this study is assumed to have a structure similar to the conventional LH2 tank. In this study, P ot m ð0Þ is twice P ch m . M ot m is calculated as follows
Here, P ot m ð0Þ and P pt m ð0Þ are design variables. In this study, the length (L ch m , L pt m , and L ot m ), diameters, and volumes (Vol ch m , Vol pt m , and Vol ot m ) of the chamber and tanks of the designed engine are determined using the same calculation procedure as that used in Ref. 2 ). An empirical equation, 7) as expressed by Eq. (18), is used to calculate M noz m . 
Here, M prop m is obtained by adding M oxi m and M fuel m . " m is one of the design parameters. In this study, L noz m is decided using the same calculation procedure as that used in Ref.
2).
Using an empirical equation, 7) the mass of other equipment (an injector, an igniter, ducts and control devices) is found to be approximately 30% of the total structural mass of the engine M tot m . Therefore, the total mass of the mth stage is expressed by Eq. (19) as
The rocket length L tot m is calculated by taking the sum total of L ch m , L pt m , L ot m and L noz m . In order to load the payload on the third stage, L tot 3 is multiplied by the coefficient 1.5.
Trajectory estimation
This study assumes the rocket to be a mass point from the time of launch to the target orbit. Its equations of motion are expressed as dr dt
Th m is calculated as
In this study, CF is assumed to be 0.98 and C Ã is assumed to be 0.95 in magnitude. [2] [3] [4] ue m and P e m can be obtained from O=F m ðtÞ, P ch m ðtÞ and " m using NASA-CEA program.
The drag estimation is based on the flight data of JAXA's solid rocket S-520. 8) Figure 3 shows the variation in C D;S-520 with the Mach number. In this study, the data presented in Fig. 3 has been used. C Df is empirically estimated by assuming that the outer surface of the rocket is a flat plate. The Reynolds number is calculated based on the rocket's length. C Dp is estimated as
Here, C D;S-520 is obtained from the measured flight data of S-520, and C Df ;S-520 is calculated using Eq. (27). The second term of Eq. (28) is C Df ;design . The total drag is obtained by adding the pressure drag and the friction drag.
Since the pressure drag and the friction drag are estimated separately, the effect of the rocket's aspect ratio on its aerodynamic performance can be evaluated. Figure 4 shows the flowchart of the GA. GA is based on the evolution of living organisms with regard to adaptation to the environment and the passing of genetic information to the next generation. GA is capable of finding a global optimum because it does not use function gradients, which often leads to a local optimum. Thus, GA is a robust and effective method to handle highly non-linear optimization problems involving non-differentiable objective functions.
Divided range multi-objective genetic algorithm
Divided range multi-objective genetic algorithm (DRMOGA) 10) used in this study can be explained as follows. First, initial individuals are produced randomly and evaluated. Second, the division of individuals is performed using the rank of individuals based on values of a certain objective function fi. Assuming m subpopulations for N individuals, N=m individuals will be allocated to each subpopulation. Then in each subpopulation, MOGA is performed. In this study, MOGA utilized real-number cording, the Pareto ranking method (Fig. 5) , Blend Crossover-0.5 (BLX-0.5) (Fig. 6) and Best-N selection, and mutation rate was set to 0.1. After MOGA is performed for the kth generations, all of the individuals are gathered, and they are divided into subpopulations again according to the ranking based on another objective function f j . This ranking function will be chosen in turn.
Parallel coordinate plot
Parallel coordinate plot (PCP) is a statistical visualization technique used to convert high-dimensional data into two- dimensional graphs. 11) To generate the PCP, the attribute values in the design problem, such as design variables, objective functions and constraint value, have to be normalized for comparison in the same axis as shown in Fig. 7 . After the normalization, axes are arranged in consistent parallel lines. Generally, the distances between a line and the next are equivalent. With PCP, it is easy to inspect the design problem at a glance.
Multi-disciplinary Design of a Hybrid Rocket
In this study, a three-stage LV with an HRE, which can deliver micro-satellites to the SSO (apogee ¼ 800 km), is designed. Figure 8 shows the assumed flight profile. The rocket is launched toward the south at an 89 deg. launch angle. The second stage is immediately ignited after the combustion of the first stage is completed. The third stage coasts along the oval orbit after the combustion of the second stage is completed. After this coasting, the third stage is ignited. t coast , as shown in Fig. 8 , is also one of the design variables.
The design variables and their ranges are listed in Table 1 . In common aerospace vehicle design problems, the gross weight of a vehicle should be minimized. Additionally, in this study, the ratio of the payload weight to the drag weight is offset by the operation cost of the rocket. Thus, the objective functions can be expressed as
The trajectory constraints assumed are as follows:
Á The flight altitude is over 250 km after the combustion of the third stage.
Á The angular momentum is more than 52413.5 kgÁkm 2 /s after the combustion of the third stage in order to ensure that the rocket reaches 800 km at the apogee. Á The area of the grain port is more than twice the nozzle throat area of all stages. MOGA is utilized when the generation number is 60, the subpopulation number is 4, the number of individuals in each subpopulation is 32, and the migration interval is 16. Figure 9 shows the non-dominated solutions obtained by DRMOGA and Fig. 10 shows the M pay vs. M tot of the nondominated solutions. The results indicate that there was a trade-off between M tot and M pay =M tot . It was also found that the maximum M pay =M tot was 1.17% (identical to JAXA's solid rocket M-V, 6) and the present LV's M pay and M tot for the solution were 238.0 kg and 20.3 t, respectively. Therefore, the solutions obtained in this study have capabilities comparable to those of existing solid rockets. Figure 11 shows the result of PCP visualization for all the non-dominated solutions obtained by DRMOGA. Figure 12 shows the PCP visualization of the five best solutions that can deliver a payload of over 150.0 kg to the target SSO. According to Fig. 11 and Table 1 , _ m m oxi 1 ð0Þ (dv1) tends to be large and the required _ m m oxi 1 ð0Þ is found to be approximately 140 kg/s. According to Fig. 11 , _ r r port m ð0Þ (calculated by the substitution of a m (dv3, dv11, and dv19) in Eq. (3)) for the first, second, and third stages must be approximately 14.5, 9.30 and 8.80 mm/s, respectively. These results are important for the design of large HREs for space transportation. Table 2 lists the design parameters of the designed rocket that can achieve the maximum M pay =M tot obtained via MOGA, and Fig. 13 shows the size of this rocket. Although the size of the first stage is large, tc 1 has a small value. This result suggests that the first stage gains a large thrust in a short time. Factually, G oxi 1 ð0Þ and _ m m oxi 1 ð0Þ (dv1, and dv4) become large because the thrust of the first stage is large. P pt 1 ð0Þ (dv7) also contributes to the large thrust gained. In addition, because the rocket's aspect ratio is limited by a constraint (the ratio of the total length to the diam- eter should be less than 20), Vol pt 1 decreases due to the large P pt 1 ð0Þ. On the other hand, due to the lower P ch 2 ð0Þ and P ch 3 ð0Þ (dv14 and dv22), the size of the combustion chambers of the second and third stages becomes smaller than that of the first stage. As a result, the oxidizer tanks become smaller. Since the first stage has to deliver the second and third stages to as high an altitude as possible, the engine size of the second and third stages is made as small as possible. Table 3 shows the engine performance of each stage of the selected solution. This table suggests that Th 1 should be approximately 400 kN to realize the LV considered here. Specific impulses (I sp ) are required to have values comparable to those of the existing solid rocket engines. Although _ r r port m ðtÞ decreased with time, a relatively high _ r r port m ð0Þ is needed to achieve the required thrust and I sp . According to Table 2 , a m is higher than the experimental value, as shown by Eq. (2).
Results
3) This result suggests that the use of a swirlingoxidizer-type HRE is a possible solution for achieving a higher regression rate.
Conclusion
This study solved the multi-objective design problem for an LV with an HRE used for delivering micro-satellites to an SSO using MOGA and PCP. The objective functions were to minimize the total mass of the rocket and to maximize the ratio of the payload mass to the total mass in terms of the cost. The MOGA results showed that there is a tradeoff between the objective functions. The MOGA results also estimated a maximum ratio of the payload mass to the total mass of 1.17% for the present design problem, and this result suggested that an LV with an HRE has the potential to be used for next-generation space transportation. This LV has a relatively large engine in the first stage and relatively small engines in the second and third stages. In order to design this LV, the regression rate of the first stage must be the highest, and the required maximum regression rate is approximately 15 mm/s for the first stage. The use of the swirling-type oxidizer can be considered a promising option for achieving these regression rates. An experiment for a large HRE that can sustain long-time combustion has been planned using these results at ISAS/JAXA. 
